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Abstract
In this research, the depinning field of domain walls in notched
Permalloy nanowires and the current-induced domain wall velocity are
studied. First, simulations were carried out using Object Oriented
MicroMagnetic Framework (OOMMF) for different wire widths and
notch sizes. The pinning field increases as the wire width decreases and is
approximately the same for fixed wire width and different notch sizes.
The depinning field also increases with decreasing wire width and, for a
fixed wire width, a deeper notch size gives a higher depinning field. This
effect becomes more pronounced as the wire becomes smaller. For all the
nanowires, the relation between the domain wall velocity and the applied
current is linear, with some exceptions due to calculation errors. A 500
nm-wide device with a 50%-deep notch was used to perform electrical
measurements in the Physical Property Measurement System (PPMS) in
order to detect and move the domain wall.
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Chapter1
Introduction
In today’s society, technological devices need to be smaller, lighter and
faster. With all the information that is produced per second in this world,
these devices need to store data faster and faster. That is the reason why
the development of new ways to store data is a big hit in science nowa-
days. One new concept that promises ultra-high storage density is called
racetrack memory [1], which is based on controlling domain wall motion
in ferromagnetic nanowires. Normally, a magnetic random access mem-
ory (MRAM) device needs a lot of space, because of all the circuitry needed
to change the magnetization of the chips to give the ‘0‘ and ‘1‘ states. With
racetrack, the memory is stored by moving the domain wall with spin-
polarized current. This kind of data storage presumably performs approx-
imately 100 times faster than commercial technology such as flash or hard
disk drive memory [2].
Early work in current-induced domain wall motion was in extended
ferromagnetic films, but nowadays, the focus has shifted to nanowires. Be-
sides that nanowires are more valuable in smaller-becoming technological
devices, ferromagnetic nanowires also offer a greater control of domain
walls, they are ideally suited to carry current, and their dimensions are
amenable to numerical studies [3]. In this research, we will characterize
the domain wall motion in ferromagnetic nanowires in order to get closer
and closer to the ideal data storage method.
The research group of Prof. Dr. J. Aarts has already done various re-
search in this area, in particular during Simon’s Master thesis [4]. Her
research showed that it was possible to pin a domain wall using the notch
and detect its presence using the anisotropic magnetoresistance (AMR)
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effect. However, moving the domain wall by current pulses was not suc-
cessful. It is believed that the notch can act as a strong pinning potential,
which could prevent the domain wall from being depinned easily with
current. This research will follow up Simon′s work with the focus on the
depinning field of the domain walls in notched Permalloy nanowires and
the current-induced domain wall velocity. Simulations are used to get a
better insight into the difficulties Simon got during her research and to
prevent these from occuring during this research.
1.1 Description of the project
The purpose of this research is to characterize the current-induced domain
wall motion in notched ferromagnetic nanowires. Permalloy (Fe20Ni80) is
chosen as the material of study, which is a soft ferromagnetic material with
low coercivity and high permeability. This means that Permalloy is highly
sensitive to external magnetic fields and has a high saturation magneti-
zation, which is Ms = 7.15× 105 A·m−1 (see figure 1.1). This leads to a
readily detection and identification of transverse and vortex domain walls
by resistance measurements. Permalloy nanowires are interesting because
they do not have magnetocrystalline anisotropy, which means that the
magnetization direction is determined by the shape anisotropy. For a sat-
urated nanowire, the magnetization follows the direction of the long axis.
Figure 1.1: Magnetic Hysteresis characterization of Permalloy sample, 35 nm
Permalloy thin film. The offset is due to the remanent field of the magnet [4].
.
8
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The nanowire has the design as shown in figure 1.2. The nucleation
pad on the left helps to nucleate a domain wall. To control the pinning
and depinning of the domain wall, a symmetrical notch was introduced in
the middle of the nanowire. The end of the wire is diamond-shaped, as to
avoid that the end of the wire acts as an attractive pinning site [4].
Figure 1.2: The design of the nanowire. In the simulation, we used different wire
widths. The nucleation pad is 1x1 µm2 for the 300 and 500 nm and 2x2 µm2 for
the 1000 nm. The length of the wire is 10 µm.
First, numerical simulations will be carried out on nanowires with differ-
ent widths and notch depths at a temperature of 0 K. The different widths
are 300, 500 and 1000 nm and the different notch depths are 30%, 50% and
80%, see figure 1.3 and tables 1.1 and 1.2 to see the details of the notch
sizes. In the design in figure 1.2, 1 pixel is equal to 10 nm and the width
needs to be an odd number of pixels to constantly have 1 pixel in the tip of
the notch. For that reason, the heights with an even number of pixels do
not have the same number of pixels for the width. The effect of the notch
depth on the depinning of the domain wall will be studied and domain
wall velocities will be derived.
Secondly, experimental measurements could be performed using cur-
rent pulses with different amplitudes and widths, the results of which
could be compared with the numerical simulations. According to Beach et
al. [3], micromagnetic simulations of domain wall dynamics come much
closer to describing experimental observations than describing them with
the 1D model. That is why we expect the simulations to be approximately
the same as the experiments.
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Figure 1.3: The notch in the nanowire can be described in two dimensions,
namely h and w for the height and the width of the notch respectively.
30% 50% 80%
300 90 150 240
500 150 250 400
1000 300 500 800
Table 1.1:
The dimension h in nm from
figure 1.3 for the different
wire widths and notch depths.
30% 50% 80%
300 90 150 230
500 150 250 390
1000 290 490 790
Table 1.2:
The dimension w in nm from
figure 1.3 for the different
wire widths and notch depths.
10
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Theory
In this chapter, the theory behind the research is explained. The theory
about domain walls is split in two parts: first, the static configuration
of domain walls is described and second, the domain wall dynamics are
briefly presented. After that, the method to detect domain walls will be de-
scribed, namely by using the anisotropic magnetoresistance (AMR) effect.
Finally, the settings used by the program Object Oriented MicroMagnetic
Framework (OOMMF) will be summarized.
2.1 Domain walls
2.1.1 Static configuration
a. Energy terms in a ferromagnet
A domain wall, which is the boundary between two homogeneous
magnetic domains, is the result of the competition between the different
energy terms of the total energy in the material. The three biggest and not
negligible parts of the total energy in Permalloy are the exchange energy,
the magnetostatic energy and the Zeeman energy. The magnetocrystalline
anisotropy energy depends on the spin-orbit interaction and on the cubic
magnetic anisotropy constant (K1). Yin et al. [5] found that it is the charge
redistribution between iron (Fe) and nickel (Ni) that leads to the vanishing
K1 of Permalloy. In figure 2.1, the relation between K1 and the Fe compo-
sition in Permalloy is shown. In our research, we used Fe20Ni80, which
means the magnetocrystalline anisotropy energy is negligible.
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Figure 2.1: K1 versus iron concentration measured by Yin et al.. The red solid
dots are the calculated K1 values through the torque method for bbc FexNi1−x in
supercells that preserve the cubic symmetry [5].
Etot ≈ EExch + EMS + EZeeman + ... (2.1)
Exchange energy depends on the exchange interactions between local-
ized electron magnetic moments, which is minimized when spins lie par-
allel to one another. For Permalloy, the exchange constant is 1.3 · 10−11
J·m−1. The magnetostatic energy depends on the shape of the material:
different aspect ratios will give different coercive fields. Parts of the ma-
terial which are more symmetric will react faster to an externel magnetic
field than the other parts. The nucleation pad has an aspect ratio of 1 and
therefore switches first. The Zeeman energy depends on the applied ex-
ternal magnetic field. We can define an effective magnetic field, which is
the derivative of the total energy with respect to the magnetization:
~He f f = − 1µ0
∂Etot
∂ ~M
= ~HExch + ~HDemag + ~HZeeman + ... (2.2)
b. Types of domain walls
When the angle between the magnetizations in the two domains is
180◦, there generally are two types of domain walls in bulk materials and
12
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Figure 2.2: A Bloch domain wall. Figure 2.3: A Ne´el domain wall
continuous films. The Bloch wall is the domain wall where the magnetiza-
tion rotates in a plane parallel to the plane of the wall (see figure 2.2). This
is the most common type. Another possible configuration is the Ne´el wall
in which the magnetization rotates in a plane perpendicular to the plane
of the wall [6] (see figure 2.3).
When the geometry changes from the bulk to the nanoscale, the mag-
netic properties of ferromagnetic elements start to be governed by the ele-
ment’s geometry and not only by the intrinsic material’s properties [7]. In
thin films and nanowires, there are transverse (figure 2.4) and vortex (fig-
ure 2.5) domain walls, depending on the shape and size of the structure.
In figure 2.6, the boundary of the different domain walls in nanowires is
shown.
Figure 2.4: Spin structure of a transverse domain wall.
Figure 2.5: Spin structure of a vortex domain wall.
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Figure 2.6: Which of the spin structures yields the lowest total energy is a function
of the aspect ratio.
For larger widths or thicknesses, the domain wall structures in Permal-
loy strips can be more complicated. In figure 2.7, the different domain
wall types are shown for widths larger than 1 µm. In this research, all the
nanowires have a thickness of 40 nm and a width between 300 nm and
1 µm, which means there will only be vortex domain walls.
Figure 2.7: Phase diagram of the equilibium domain wall structure in Permal-
loy strips of various thicknesses (∆z) and widths (w). The symbols correspond
to observations of the various equilibrium domain wall structures, with phase
boundaries shown as solid lines [8].
14
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2.1.2 Dynamics
There are two ways to move a domain wall in a ferromagnetic wire. The
first way is to apply an external magnetic field. The spins of the material
react faster in a bigger structure domain than in a smaller area. The second
way is to run a spin-polarized current through the wire. When a current
crosses the domain wall, the exchange interaction aligns the conduction
electron’s spin polarization direction along the direction of the local mag-
netization. As the exchange interaction conserves the total spin, this angu-
lar momentum has to be transferred to the local magnetization, which is
equivalent to a torque acting on the magnetization resulting in a domain
wall displacement in the direction of the electron flow [7]. See figure 2.8
for a schematic representation of this process. With current density J along
xˆ, the time evolution of the (normalized) magnetization vector −→m can be
described by the Landau-Lifshitz-Gilbert (LLG) equation:
~˙m = −γ~m× ~He f f + α~m× ~˙m− u∂~m∂x + uβ~m×
∂~m
∂x
(2.3)
where u = η J.
The first two terms on the right-hand side of the equation are the change
in magnetization due to the effective field. The first term is the precession
of the magnetization around the effective field (the blue arrow in figure
2.9), where γ is the gyromagnetic ratio [7] of an electron:
γ =
g |µB|
h¯
≈ 1.76× 1011 Hz·T−1 (2.4)
where g is the dimensionless Lande´ factor and µB the Bohr magneton in
J·T−1.
Figure 2.8: A schematic representation of a spin-polarized current-induced do-
main wall motion.
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The second term is the damping and alignment of the magnetization
with the effective field (the yellow arrow in figure 2.9), where α is the di-
mensionless Gilbert damping constant [2].
Figure 2.9: A schematic representation of the precession and alignment of the
magnetization due to the effective field.
The final two terms on the right-hand side of the equation express the
current-induced torques on the magnetic moment about two mutually or-
thogonal axes in a region of nonuniform magnetization. These torques
are termed adiabatic and non-adiabatic respectively, and the parameters η
and β characterize their strength [1, 3, 7]. In the adiabatic limit, which is
justified for sufficiently wide domain walls, the conduction electrons spin
orientation follows the local magnetization direction. The magnitude of
the adiabatic spin torque, which can be derived directly from the conser-
vation of spin angular momentum, is given by:
u = η J =
gµBP
2eMs
J (2.5)
where g is the Lande´ factor, µB the Bohr magneton, e the electron charge
and P the spin polarization of the current.
The nonadiabatic spin-tranfer torque is perpendicular to the adiabatic
spin-transfer torque and the magnetization. For narrow domain walls, in
which the domain wall width is comparable to or smaller than the wave-
length of the electrons at the Fermi energy, the electron spins cannot track
the magnetization. In this situation, there is a nonlocal correction to the
16
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adiabatic spin-transfer torque, part of which is along the adiabatic spin-
tranfer torque and part of which is perpendicular. The latter contribution
is nonadiabatic [9]. Theories that are developed to describe spin-transfer
torque in the adiabatic limit in Permalloy were not able to reproduce ex-
perimental results, but after taking the nonadiabatic term into account, the
theory significantly describes the dynamics of a domain wall [7].
2.2 Magnetoresistance
The change in resistance, R, of a material under an applied magnetic field
H is known as magnetoresistance. The magnetoresistance ∆ρ/ρ is defined
by [6]:
∆ρ
ρ
=
R(H)− R(0)
R(0)
(2.6)
where R(0) is the resistance at zero field.
Magnetoresistance measurements are very convenient to detect domain
walls in nanowires. The anisotropic magnetoresistance (AMR) and giant
magnetoresistance (GMR) effects are most commonly used. There are also
several experimental studies based on the ordinary and anomalous Hall
effects (OHE and AHE). These techniques are fast, allowing for extensive
and systematic studies of current-driven domain wall motion [1]. We will
use AMR in our research and this will be explained in the next section.
After that, other techniques will be shortly discussed.
2.2.1 Anisotropic magnetoresistance (AMR)
The AMR effect observed in ferromagnetic metals originates from the anisotropy
of scattering produced by spin-orbit interaction. A stronger scattering ap-
plies for electrons flowing parallel to the local magnetization, leading to a
larger resistivity ρ|| compared to electron flowing perpendicularly to the
magnetization resulting in a lower resistivity ρ⊥. The material resistivity
finally depends on the angle θ between the magnetization and the direc-
tion of the current flow in the material and is given by [7]:
ρ(θ) = ρ⊥ + (ρ|| − ρ⊥)cos2(θ) (2.7)
This effect for Permalloy nanowires is about 1-2%. The presence of a do-
main wall in a nanowire, which exhibits AMR, changes the nanowire’s re-
sistance because the magnetization within the domain wall deviates from
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the wire’s long axis and thus from the current direction [1]. When no do-
main wall is present, and the magnetiziation lies parallel to the nanowire’s
long axis, the resistance is:
Rsat =
ρ||L
wt
(2.8)
where L, w and t are the length, width and thickness of the wire respec-
tively. When a domain wall is present within the nanowire, the resistance
becomes:
RDW =
∫ L/2
−L/2
ρ[θ(x)]
dx
wt
(2.9)
Thus, the contribution of the domain wall to the nanowire’s resistance is:
RDW − Rsat =
−(ρ|| − ρ⊥)2∆
wt
(2.10)
where ∆ is the width of the domain wall. For Permalloy ∆ ∝ w, which
means that the domain wall contribution to the resistance is of the order of
(ρ||− ρ⊥)/t and independent of the wire width [1]. An essential limitation
of the AMR signal is that it only depends on the presence or absence of a
domain wall and not on the position of a domain wall between the probing
contacts. In our research, this limitation will not be a problem and we will
use AMR for detection of the domain wall.
2.2.2 Other types of magnetoresistance
Giant magnetoresistance (GMR) can be observed in multilayer structures
in which ferromagnetic layers are separated by a thin metallic non-magnetic
spacer. One ferromagnetic layer is used as a free layer, its magnetization
is easily reversed by a small magnetic field. The other ferromagnetic layer
acts as a reference layer, its magnetization remains unchanged under a
small magnetic field due to a larger coercive field or the use of an in-
duced uniaxial anisotropy. Spin-valves are used to characterize domain
wall motion either with a current flowing in the plane or perpendicular to
the plane of the layer. The resistance level in such a system is directly pro-
portional to the amount of reversed magnetization in the free layer. There-
fore, the GMR is directly sensitive to the position of the domain wall along
the nanowire making spin-valves structures very attractive for studying
domain wall motion [7]. The magnetoresistance signal of GMR can be
18
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around 80% or higher and is therefore larger than AMR signal. The down-
side of this method is that, due to the multilayer structure, the current dis-
tribution is not uniform, which can influence the domain wall dynamics.
Also, this structure has a high critical current density to depin the domain
wall from the notch, which can lead to a large temperature increase result-
ing in a disturbance of the reference layer magnetization.
A different version of the GMR is the Tunnel Magnetoresistance effect
(TMR), which has an insulator between the ferromagnetic layer instead of
a normal metal. Due to this thin insulator, electrons can tunnel between
the ferromagnetic layers. When the two ferromagnetic layers have a par-
allel magnetization, the electrons are more likely to tunnel through the in-
sulating layer than if the ferromagnetic layers are in the antiparallel state,
which causes a resistance difference between the two states. TMR effect
can be used to detect domain walls and the signal can reach up to 500% at
room temperature [10] [11].
Another type of magnetoresistance is called the Hall effect. A magnetic
field applied normal to the film plane in a conducting material produces a
transverse force on the conduction electrons in the film. This force on the
conduction electrons gives rise to a transverse Hall voltage. This is known
as the ordinary Hall effect (OHE) and is proportional to the applied mag-
netic field B, because of the Lorentz force. In ferromagnets, an additional
effect occurs, known as the anomalous Hall effect (AHE), which depends
on the magnetization M. Empirically, the transverse resistivity ρH is given:
ρH = R0B+ µoReM (2.11)
where R0 and Re are the ordinary and the extraordiniary Hall coefficient
respectively [6]. Not only is the AHE used to detect the presence of do-
main walls in perpendicularly magnetized nanowires, but futhermore in
depinning experiments, where it offers an unique control over the current-
induced domain wall motion [12].
2.3 OOMMF
The program that we will use to run the simulations is called OOMMF,
which is a public free micromagnetic solver. The extension of spin-transfer
torque was applied to include the interaction of local magnetization and
electrical current based on equation [1]. The simulation is using an adi-
abatic process of spin-transfer torque as idealization following equation
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[1]. See table 2.1 for the general settings of the simulations. We use a
saturation magnetization of 800 × 103 A·m−1 from earlier research with
Permalloy nanowires [13]. The convergence criteria are determined via
the stopping dm/dt (in degrees per nanosecond), which specifies that a
stage should be considered complete when the maximum |dm/dt| across
all spins drops below this value.
Cell size 5x5x20 nm3
Ms 800× 103 A·m−1
A 1.3× 10−11 J·m−1
stopping dm/dt 0.1 ◦·ns−1
stage iteration limit 50000
Table 2.1: The general settings of the simulations in OOMMF.
20
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Methodology and results
3.1 Simulations
3.1.1 Magnetic field sweep
The first step in our simulations is running an external magnetic field over
the nanowire which varies from -50 to 50 mT to find the external magnetic
field at which the domain wall will be pinned and depinned under the
notch. The field where the domain wall is pinned (Hpin), is the field where
the domain wall is under the notch for the first time. The field where the
domain wall is depinned (Hdepin), is the field where the domain wall is
leaving the notch. The wire is first saturated fully by setting the external
magnetic field to -100 mT. After that, the field is set to -50 mT and the ex-
ternal magnetic field will rise to 50 mT with 2 mT steps. If the steps are too
big to see a drop in the magnetization around the notch, the steps around
the (de)pinning field will be decreased to 0.5 mT or 0.2 mT, according to
the case.
In figure 3.1, 3.2 and 3.3, the hysteresis loops for the nanowire with a
width of 300 nm and a notch size of 80% are displayed for the x-component,
y-component and z-component respectively. Important to note is that the
change in magnetization in the y- and z-direction is relatively small (2%
and 0.12% respectively) compared to the change in the x-direction. In fig-
ure 3.1, four jumps are marked.
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Figure 3.1: The x-component of the magnetization of the wire with a width of 300
nm and a notch size of 80%, normalized by the saturated magnetization, plotted
against the applied external magnetic field.
Figure 3.2: The y-component of the magnetization of the simulation in figure 3.1.
22
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Figure 3.3: The z-component of the magnetization of the simulation in figure 3.1.
The first jump corresponds to the nucleation of a domain wall in the
nucleation pad, this is shown in figure 3.4, when the external field rises
from 0 to 2 mT. The second jump is the motion of the domain wall from
the nucleation pad to the notch in the middle, this is shown in figure 3.5
with a change in magnetic field from 12 to 14 mT.
Figure 3.4: The first jump in graph 3.1 where the external magnetic field goes
from 0 mT to 2 mT.
Figure 3.5: The second jump in graph 3.1 where the external magnetic field goes
from 12 mT to 14 mT.
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The third jump is the disappearance of the domain wall in the nucle-
ation pad, shown in figure 3.6 when the field changed from 20 to 22 mT.
The last jump is the domain wall motion from the notch to the end of the
wire, shown in figure 3.7.
Figure 3.6: The third jump in graph 3.1 where the external magnetic field goes
from 20 mT to 22 mT.
Figure 3.7: The fourth jump in graph 3.1 where the external magnetic field goes
from 28 mT to 30 mT.
Figures 3.8 and 3.9 show the magnetization in the x-direction plotted
for the different notch sizes. From these results, it can be concluded that
a narrower wire gives a bigger hysteresis between the forward and back-
ward fieldsweep. It is also visible that a deeper notch results in higher
depinning field which means more energy is needed to overcome the pin-
ning potential of the notch and completely saturate the wire.
24
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Figure 3.8: The magnetization in the x-direction of the wire with a width of 300
nm, normalized by the saturated magnetization, plotted against the applied ex-
ternal magnetic field for the different notch sizes.
Figure 3.9: The magnetization in the x-direction of the wire with a width of 500
nm, normalized by the saturated magnetization, plotted against the applied ex-
ternal magnetic field for the different notch sizes.
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In tables 3.1, 3.2 and 3.3, the results of the field sweep simulations are
shown. Due to time shortage, the field sweep results of the 1 µm are only
the positive Hpin and Hdepin. The error is the stepsize that is used for that
simulation. The error is positive or negative, depending on the direction
of the field sweep. The reason behind this is that, during the step, the
domain wall can be (de)pinned, but not later than that step.
Notch [%] Hpin [mT] Hdepin [mT] Hpin [mT] Hdepin [mT]
30 15.5 (-0.5) 17.5 (-0.5) -15.5 (+0.5) -16.5 (+0.5)
50 15 (-0.5) 19 (-0.5) -15 (+0.5) -19 (+0.5)
80 14 (-2) 30 (-2) -14 (+2) -30 (+2)
Table 3.1: Pinning and depinning field for the 300 nm wire.
Notch [%] Hpin [mT] Hdepin [mT] Hpin [mT] Hdepin [mT]
30 10.2 (-0.2) 10.6 (-0.2) -10.2 (+0.2) -10.4 (+0.2)
50 10.2 (-0.2) 14 (-2) -10.2 (+0.2) -11.6 (+0.2)
80 12 (-2) 20 (-2) -12 (+2) -20 (+2)
Table 3.2: Pinning and depinning field for the 500 nm wire.
Notch [%] Hpin [mT] Hdepin [mT]
30 5.4 (-0.2) 6.6 (-0.2)
50 6 (-0.5) 7.5 (-0.5)
80 6 (-0.5) 9 (-0.5)
Table 3.3: Pinning and depinning field for the 1 µm wire.
In some of the wires, with a fixed notch size, the Hdepin is asymmetric.
This can be explained by the fact that for the Hdepin in the positive part of
the fieldsweep, the wire was first saturated at a field of -100 mT. Before
the domain wall is pinned under the notch in the negative part of the field
sweep, the wire is saturated at a field of 50 mT. The difference in Hdepin
can be explained by the fact that the wire wasn’t fully saturated at B=50
mT. This can be confirmed by examining the magnetization in the y- and
z-direction for the particular wire where Hdepin is asymmetric, e.g. the wire
with 300 nm width and a notch size of 30%. The difference in my at B=-50
mT (when the wire was first saturated at B=-100 mT) and at B=50 mT is
of a factor 103. This difference in mz is of a factor 104. It can be concluded
26
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that the wire wasn’t fully saturated at B=50 mT before doing the backward
sweep.
The results of tables 3.1, 3.2 and 3.3 are plotted in figure 3.10 and 3.11.
For every point, the positive (de)pinning field is used, except for the depin-
ning field of the 500 nm wire with the 50% notch. The positive depinning
field has a much higher error in comparison with the negative one, so the
value of 11.6 mT is used.
Figure 3.10: Hpin for the 3 different wire widths and the 3 different notch sizes.
Figure 3.11: Hdepin for the 3 different wire widths and the 3 different notch sizes.
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Hpin is increasing with decreasing wire width and is approximately the
same for fixed wire width and different notch sizes. Hdepin is as well in-
creasing with decreasing wire width and, for a fixed wire width, a deeper
notch size gives a higher depinning field. This effect is more important as
the wire becomes smaller.
3.1.2 Preparation of the domain wall at zero field
In the second step, a simulation will run from a saturated wire to the mag-
netic field where the domain wall is pinned under the notch, after which
the field is brought back to zero. This is to get a stable domain wall under
the notch without having an external magnetic field. The size steps be-
tween zero field and Hpin will be 2 mT, with some smaller steps when the
external field approaches Hpin to get the correct value. The last file of this
simulation contains the wire with a domain wall under the notch without
an external magnetic field.
In figure 3.12, the wire with a width of 300 nm and a notch size of 80%
is shown with a domain wall prepared under the notch with zero applied
field. The other wires look approximately the same. In figure 3.13, the x-
component of the magnetization of this wire is plotted against the applied
external field. At the end of the backward sweep, the external applied field
is zero and the x-component is changed compared to the saturated value.
Figure 3.12: The magnetization of the nanowire with a width of 300 nm and a
notch size of 80 % with Happ=0 and a domain wall pinned under the notch.
28
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Figure 3.13: The x-component of the magnetization of the wire with a width of
300 nm and a notch size of 80%, normalized by the saturated magnetization, plot-
ted against the applied external magnetic field during a field sweep between 0
and 24 mT for the preparation of the domain wall.
3.1.3 Current-induced domain wall motion
The last simulation file of the wire with a domain wall pinned under the
notch at zero field is used as a starting point for the current-induced do-
main wall motion simulation. The magnitude of u will vary from 200 to
600 m·s−1 with steps of 100 m·s−1. The simulation is finished when the
domain wall reaches the end of the wire. To calculate the domain wall
velocity, we will use the following equation:
v =
ls − lp
ts − tp (3.1)
ls and ts are the position and time where the wire is fully saturated
and the domain wall has moved to the end of the wire. In our research,
ls is always 10 µm. lp is the position where the domain wall is depinned
from the notch and after which the domain wall is moving with a constant
velocity. We assumed that this happens 1 µm after the notch, so in our
research lp is equal to 6 µm. tp is the time where the domain wall is at
position lp.
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In figure 3.14, the result of the current simulation is shown for the wire
with a width of 300 nm and a 50% notch size. The applied current is 200
m·s−1. At 6 µm, the domain wall is fully depinned from the notch and the
domain wall velocity is constant from this point.
Figure 3.14: The magnetization in the wire with a width of 300 nm and 50% notch.
u=200 m·s−1 is applied.
The results of the current simulations for the 300 nm and the 500 nm
wire width are shown in figure 3.15 and 3.16 respectively. For the 300
nm width, at current densities lower than 400 m·s−1, the velocity does
not change radically with respect to the notch depth. For higher current
density, the velocity of the domain wall does not follow a regular pattern
with respect to the notch depth. For the 500 nm width, the velocity rises
linearly with respect to the current density, with an exception at u=300
m·s−1 for the 80% notch.
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Figure 3.15: The calculated domain wall velocity for the different applied cur-
rent densities. The nanowire width is 300 nm and the different notch sizes are
displayed.
Figure 3.16: The calculated domain wall velocity for the different applied cur-
rent densities. The nanowire width is 500 nm and the different notch sizes are
displayed.
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Figure 3.17 shows the magnetization of this wire, 300 nm and 80%
notch, where u=300 m·s−1 is applied at different times. In the first pic-
ture, the domain wall is pinned under the notch, but also stretched out
over the wire. In the second picture, the domain wall is still pinned under
the notch and a new domain wall is created above the first domain wall.
In the third picture, this second domain wall is growing and in the last pic-
ture the two domain walls fuse together. If one calculates the velocity of
this event, it looks like the domain wall is moving faster due to this fusion.
Figure 3.17: The magnetization in the wire with a width of 500 nm and 80% notch.
u=300 m·s−1 is applied.
3.2 Sample fabrication
The sample fabrication is based on a previous work performed in the
group [4]. There are, however, some differences: We used a silicon sub-
strate instead of a silicon oxide substrate. Due to this difference, other
technical settings in the process are different too. In table A.1 in appendix
A, all the technical details regarding the fabrication are summarized. We
also changed the design, because the old design caused problems dur-
ing the wire-bonding process. Figure 3.18 shows the new design. For
the sample, we created a 3x3 array of this design with the rows having
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wire width ranging from 300 to 500 nm with a stepsize of 100 nm and the
columns having notch size ranging from 70 to 90% with a stepsize of 10%.
In the next paragraph, a short summary of the sample fabrication process
is given.
Figure 3.18: The new design for the sample. The red parts are gold and the green
parts are Permalloy. The contact pads are 350x350 µm2 and the rest of the design
is scaled to this size. Between the gold contact wires, there is a notch.
First, 2 layers of resist are spin-coated on the substrate. The first layer
has a higher sensitivity for the electrons in the electron-beam lithography
(E-beam) than the second layer, so there will be an undercut when the
design is written. The undercut here is a way to minimize the ears on the
side of the structure. On top of that, 3 layers of PEDOT are spin-coated.
PEDOT is a transparent, conductive polymer for a better transfer of the
electrons coming from the E-beam. After loading the sample in the E-
beam, the Permalloy wire and contact pad are written by exposing the
right parts of the design with electrons with the corresponding dose. The
sample is developed to take away the exposed part of the sample. The
UHV magnetron sputter machine is used to sputter a layer of Permalloy
over the sample in order to have Permalloy at the written parts of the
design. Before lift-off, a thin layer of Gold is sputtered over the Permalloy
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with the Z406 sputter machine to prevent the Permalloy from oxidizing
and ensure a good ohmic contact. The lift-off is done by submerging the
sample in heated acetone.
For the gold parts of the sample, the beginning of the previous process
is repeated. After loading the sample in the E-beam, the gold contact wires
and contact pads are written. After developing, the sample is loaded in the
resistance evaporator to evaporate a thin layer of chromium that is used
as a sticking layer for the gold on the silicon. The resistance evaporator is
also used to evaporate the gold layer over the sample. After lift-off, the
sample is all set.
3.3 Measurements
We performed AC 4-probe measurements using standard lock-in tech-
nique with the Physical Property Measurement System (PPMS) to carry
out resistance-temperature (RT) and magnetization-resistance (MR) mea-
surements. The nanowire we used had a width of 500 nm and a notch size
of 50%, which is fabricated by Simon [4]. The load resistance, a resistance
that is set in series with the sample to convert the voltage of the lock-in into
a current, was chosen to be either 100 kΩ or 10 kΩ. The current we used
for the RT and MR measurements were 10 µA and 100 µA respectively. We
used a voltage of 1 V.
During the RT measurement, the resistance of the sample was mea-
sured every 5 K (in sweep mode) from T=300 K to T=10 K. The RT curve
in figure 3.19 shows that Permalloy has a good metallic behaviour, because
it gives a residual-resistivity ratio (RRR) of 1.49. When one assumes that
the distance between the contact wires is about 20 µm and the nanowire
has a thickness of 35 nm, the calculated resistivity of Permalloy at a tem-
perature of 300 K is ρ300K=30.9 µΩ·cm. At a temperature of 10 K, this value
is ρ10K=20.7 µΩ·cm. Both values have the correct order of magnitude as
published by Du [14].
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Figure 3.19: The RT measurement done with the PPMS, the temperature is set
from 300 to 10 K with steps of 5 K.
The MR measurement is done at different temperatures, namely T=10,
50, 100, 200 and 300 K. During the MR measurement, the resistance of the
sample was measured from B=-300 mT to B=300 mT, and back again to
B=-300 mT, with steps of 5 mT. The results from the MR measurement at
T=50, 200 and 300 K are shown in graphs 3.20, 3.21 and 3.22 respectively.
Figure 3.20: The MR measurement done with the PPMS at T=50 K.
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Figure 3.21: The MR measurement done with the PPMS at T=200 K.
Figure 3.22: The MR measurement done with the PPMS at T=300 K.
We extract from all the MR measurements the pinning and depinning
fields, which are shown in table 3.4. The simulations are measured with
a temperature of 0 K, so the results from the MR measurements at 10 K
are the best for comparison. Still, the measured Hpin and Hdepin differ
approximately by a factor of 2 from the simulations, which could be due
36
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to the finite temperature. Futhermore, the measurements are a bit noisy
and also show that the 50% notch doesn’t pin the domain wall properly,
compared to the measurements done on the 300 nm wire [4].
T [K] Hpin [mT] Hdepin [mT] Hpin [mT] Hdepin [mT]
10 -15.0 -25.3 19.7 24.5
50 -4.8 -60.0 8.9 39.2
100 -15.0 -30.1 4.5 29.4
200 -4.9 -29.8 4.5 34.4
300 -4.9 -24.8 4.5 24.4
Table 3.4: The Hpin and Hdepin for the different temperatures measured in the
PPMS.
A new set of samples, as mentioned in section 3.2, needed to be fabri-
cated to indeed verify that the 50% notch is too small to pin the domain
wall properly. During this process, various technical problems occurred
which caused some delay. First of all, because of the change of substrate,
the different settings in the fabrication process needed to be re-optimized
with the help of dose tests. Further, multiple technical machines had is-
sues which also caused time delay, e.g. the e-beam pattern crashed and the
power of the gold supply in the evaporator was broken. Due to time short-
age, we weren’t able to make a new set of samples with a deeper notch size
to do more experimental measurements such as pinning a domain wall at
zero field and moving it by applying current pulses.
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Further research
Due to time shortage, this research didn’t reach the goals that was in-
tended at the beginning. For the simulations, the current measurement
for the wire with 1 µm width needs to be finished. Also, further mea-
surements with the PPMS are necessary to draw more conclusions on the
current-induced domain wall velocity in Permalloy nanowires. It is pos-
sible that the current that is applied by Simon is not matched correctly,
so a new impedance matcher needs to be made to test this. Also, more
pulses need to be applied to move the domain wall out of the notch, be-
cause the pinning potential is presumably too high to overcome this with
one pulse. A different way to move the domain wall is to assist the current
with a small magnetic field over the wire, less than the depinning field, to
decrease the pinning potential.
An improvement point for next research about this topic is to find a bet-
ter way to calculate the domain wall velocity from the simulations instead
of doing it by eye. Futhermore, the simulations will give better results if
the wire is fully saturated again at B=100 mT after reaching the first part
of the field sweep.
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Conclusion
The depinning field of domain walls in notched Permalloy nanowires and
the current-induced domain wall velocity were studied. New designs for
the simulation and sample fabrication were made. First, simulations were
carried out using OOMMF for different wire widths and notch sizes. A
narrower wire gives a bigger hysteresis between the forward and back-
ward field sweeps. The Hpin increases with decreasing wire width and
is approximately the same for fixed wire width and different notch sizes.
The Hdepin also increases with decreasing wire width and, for a fixed wire
width, a deeper notch size gives a higher depinning field. The effect is
more important as the wire becomes smaller. For all the nanowires, the re-
lation between the domain wall velocity and the applied current is linear,
with some exceptions due to calculation errors. A 500 nm-wide device
with a 50%-deep notch was used to perform RT and MR measurements
in the PPMS in order to detect and move the domain wall. The results
are not comparable with the simulations, because the domain wall didn’t
pin properly under the notch. It has been tried to fabricate a new sample
with deeper notches. However, due to technical problems, this was not
successfully achieved.
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Sample fabrication recipe
This sample fabrication recipe follows the recipe of a previous Master the-
sis in the group [4]. There are, however, some differences: We used a
silicon substrate instead of a silicon oxide substrate. Due to this differ-
ence, other settings in the process are different too. The process is split in
2 parts, namely the Permalloy part of the sample and the gold part of the
sample. In table A.1, the details of these steps are shown.
Some useful tips
• Perform the writefield alignment on a particle with a size around 500
nm in PC 10.
• After you write the nanowires with PC 14, you set the spotsize to PC
1 and measure the beam current. You calculate the pattern parame-
ters and can start the scan for the contacts. You don’t have to do the
alignment again.
• It is helpful to put a few droplets of demi-water in the developer for
the copolymer (PMMA/MA 33%) layer to develop fully.
• After you put the sample in acetone of 45 ◦C for 30 min, you can
use a pipette to create an acetone flow to gently blow off the Permal-
loy/gold flakes.
• When the Permalloy markers are badly detectable during the 3-point
alignment, you can set the speed of the beam higher for a better res-
olution.
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Layer 1: Permalloy nanowires + contact pads
Spin Coating Resist Frequency Baking temperature Baking time
Copolymer 6000 rpm 200 ◦C 10 min
PMMA 950 K 4000 rpm 150 ◦C 3 min
(3x) PEDOT 4000 rpm - -
E-beam Spotsize Dose Area dose Area step size
Nanowire PC 14 2.4 100 µC · cm−2 0.0064 µm
Contact PC 1 1 100 µC · cm−2 0.64 µm
Developing Developer Time Stopper Time
MIBK 1:3 IPA 30 s IPA 60 s
Deposition Material Technique Time Thickness
Permalloy UHV magnetron sput. 7 min 30 s 35 nm
setpoint I=150 mA
Gold (cap) Magnetron sput. Z406 12 s 3 nm
Lift-off 45 ◦C acetone 30 min
Layer 2: Gold contactwires + contact pads
Spin Coating Resist Frequency Baking temperature Baking time
Copolymer 6000 rpm 200 ◦C 10 min
PMMA 950 K 4000 rpm 150 ◦C 3 min
(3x) PEDOT 4000 rpm - -
E-beam Spotsize Dose Area dose Area step size
Nanowire PC 14 2.4 100 µC · cm−2 0.0064 µm
Contact PC 5 1 100 µC · cm−2 0.08 µm
Developing Developer Time Stopper Time
MIBK 1:3 IPA 90 s IPA 60 s
Deposition Material Technique Voltage Thickness
Chromium Resistance Evaporator 1.722 V 2 nm
Gold Resistance Evaporator 1.439 V 40 nm
Lift-off 45 ◦C acetone 30 min
Table A.1: The technical details of the sample fabrication.
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